Microencapsulation provides an important tool for cosmetic and/or pharmaceutical industry, enabling protection and controlled release of several active agents. The encapsulation of essential oils in core-shell or matrix particles has been investigated for various reasons, e.g., protection from oxidative decomposition and evaporation, odor masking or merely to act as support to ensure controlled release. A large number of microencapsulation methods have been developed in order to be adapted to different types of active agents and shell materials, generating particles with a variable range of sizes, shell thicknesses and permeability, providing a tool to modulate the release rate of the active principle. With this work, an overview regarding properties and applications of essential oils and biodegradable polymers in the cosmetic field, focusing the use of polylactide as the base material to encapsulate thyme oil, as well as of microencapsulation processes with a particular emphasis on the coacervation, will be presented.
Introduction
Nowadays, scientific advance is being used in the development of innovative products. Food, cosmetics, personal care and beauty/ pharmaceutical industries have become a multi-billion dollar international market [1] [2] [3] . In particular, the growth value of the beauty and personal care industry has been significant in emerging markets, such as Brazil, China, India, Indonesia and Argentina [4] . To have success in such competitive and demanding sector, the products must differentiate which can be achieved by means of using emergent technologies, such as microencapsulation. Microencapsulation can promote cosmetic base products by introducing innovation, added functional properties and thus added value [5] . In this context it is important to develop novel processes, or optimize existing ones, to microencapsulate active principles with interest for cosmetic industry, thus contributing for innovative and high added value products creation, in response to human needs and desires. Microcapsules are small particles with a size between 1 and 1000 m comprising an active agent surrounded by a natural or synthetic polymeric membrane. Microcapsules are composed by two parts, namely the core and the shell. The core (the internal part) contains the active agent (e.g., an essential oil), while the shell (the external part) protects the core from the outer environment [6] . Encapsulation can be achieved by a wide range of methods or techniques, providing isolation, entrapment, protection or controlled release of sensitive or reactive materials (e.g. flavors and fragrances) from/across the surrounding matter. There are numerous industrial applications of microencapsulation. Some examples are carbonless paper, ''scratch and sniff'' fragrance sampling, ''intelligent'' textiles, controlled release of drugs, pesticides and cosmetic active agents. In conclusion, there are numerous possibilities to use microencapsulation as a technique to obtain products with high added value. Fig.  1 illustrates the distribution, in percentage, of microencapsulation over different fields of application. It is clear that the sector which has the highest level of applications is the drug sector (68%), followed by the food (13%) and cosmetic (8%) ones. On the contrary, the electronics sector ac-counts only with 1% (the smallest percentage). Microencapsulation can be used to protect fragrances or other active agents from oxidation caused by heat, light, moisture, from contact with other substances over a long shelf life, to prevent evaporation of volatile compounds and to control the release rate [6, 8, 9] . The encapsulated agent can be released by several mechanisms, for example, mechanical action, heat, diffusion, pH, biodegradation and dissolution. The selection of the technique and shell material depends on the final application of the product, considering physical and chemical stability, concentration, required particle size, re-lease mechanism and manufacturing costs. In recent years the demand for fragranced products is growing and it is expected to expand and increase in diversity. Fragrances and flavors are important additives for products such as household detergents, laundry products or cosmetics [10] . Recent published patents in the area of microencapsulation suggest that both industrial and academic sectors are urging to explore this area, including in the fields of cosmetics and personal care products (Fig. 2) . The cosmetic or personal care business is worth pursuing in view of the wide-ranging potential they hold. In recent years, encapsulation of cosmetic and personal care products ingredients has become very popular, attractive and the associated production processes technologically feasible. This is a consequence of the added value associated with the generated products, but also because compounds' functionality can be effectively preserved [11] . In conclusion, cosmetic technology is growing constantly in terms of raw materials, excipients and formulations of active agents [12] . It is thus desirable to keep in mind that consumers are more demanding and that microencapsulation remains a challenging art being important to increase the operative window in terms of processes and encapsulation materials (core and shell materials).
Efficient microencapsulation methodologies

Microencapsulation methods
Several methods have been purposed for microcapsule's production [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , in order to be adapted to different types of core and shell materials, as well as, to generate particles with various sizes, shell thickness and permeability, thus adjusting the release rate of the active principle. Generally these techniques can be divided into two major categories, namely chemical and physical methods; the latter one can be subdivided into physicochemical and physicomechanical techniques [6] . Spray drying is the most frequently used technique to encapsulate flavors ( Fig. 3 ). It is a physicomechanical method developed in the 1930s being an attractive and versatile process [23] . Spray dry-ing can be described as a simple process, similar to a one stage dry-ing operation, capable of producing a wide range of microcapsules at good yield, including microcapsules loaded with fragrance or flavor oils [24] . Moreover, the process is adaptable to a wide range of feedstock and product specifications, i.e. it can be used with solutions, suspensions, slurries, melts and pastes [25] By means of spray drying, active principles with quite distinct solubility properties can be encapsulated using various shell materials, being the partitioning of active principle between two immiscible phases avoided [26] . Nevertheless, spray drying has also some disadvantages; the equipment is very bulky and expensive [25] . Moreover, it produces a fine microcapsules powder which needs further processing such as agglomeration, and the overall thermal efficiency is low (uses large volumes of heated air passing through the chamber without contacting particles, thus not contributing directly for the drying). On the other hand, the use of spray drying technique for microencapsulation is limited by the available number of shell materials with good water solubility [27, 28] . Still, the sol-gel encapsulation technology is a promising alternative to encapsulation aromas and flavors with organic polymers [29] . This encapsulation technology was introduced in the last decade and allows an effective control of biomolecules, drugs or essential oils released [30, 31] . Taking into account the limitations of some processes and the physicochemical characteristics of essential oils, coacervation could be an attractive technique to encapsulate this type of active agents. Coacervation techniques can be divided in two main groups: aqueous and organic. The coacervation in aqueous phase can only be used to encapsulate water insoluble materials (hydrophobic core materials presented in solid or liquid state). On the other hand, the coacervation in organic phase allows the encapsulation of hydrosoluble material, but requires the use of organic solvents [32] . Coacervation in aqueous phase can be classified into simple and complex, according to the involved phase separation mechanism. In simple coacervation, the polymer is salted out by the action of electrolytes, such as sodium sulfate, or desolvated by the addition of a water miscible non-solvent, such as ethanol, or by increasing/ decreasing temperature. These conditions promote the macromolecule-macromolecule interactions in detriment of the macromole-culesolvent interactions. On the other hand, complex coacervation is essentially driven by the attractive forces of oppositely charged polymers [33] . The coexistence of a coacervate phase made of concentrated polyelectrolytes and a diluted equilibrium phase depends on pH, ionic strength and polyion concentrations [34] . The general outline of the coacervation process consists in three steps that occur under continuous stirring (see Fig. 4 ). The first step consists in the formation of an oil-in-water (o/w) emulsion (dispersion of the oil in a aqueous solution containing a surface-active hydrocolloid), the second comprises the formation of the coating (deposition the polymer coating upon the core material), and the last one is the stabilization of the coating (coating hardening, using thermal, crosslinking or desolvation techniques, to form self-sustaining microcapsules) [35, 36] . The coacervate shell formation is driven by the surface tension difference between the coacervate phase, the water and the hydrophobic material.
Coacervation offers numerous possibilities for the encapsulation of various types of active agents (solid or liquid core materials) [8, [38] [39] [40] [41] [42] [43] . It can be useful in many industrial sectors such as, food, cosmetic or pharmaceutical. Fig. 5 shows the number of publications as a function of the application market considering as key words coacervation plus the intended application. Additionally Table 1 shows a summary of patents dealing with coacervation putting in evidence the scope of the invention. Analyzing the results, food, cosmetic/fragrances/flavors and pharmaceuticals are the areas with the highest number of publications using coacervation as the technique to encapsulate active agents and, microencapsulation of fragrances by coacervation is an efficient way of adding oilbased fragrances to products.
Encapsulation efficiency
Encapsulation efficiency (content of core material effectively encapsulated) depends on several variables. The retention of the active agent inside the membrane shell is ruled by factors related to the chemical nature of the core, including its molecular weight, chemical functionality, polarity and volatility, shell material properties and the chosen microencapsulation technique. On the other hand, the hydrophobic properties of the surfactants also affect encapsulation efficiency. As an example, Fig. 6 shows the effect of using different surfactant systems during the emulsification stage, on thyme oil microencapsulation efficiency using a PLA-based shell material. It can be observed that when surfactants with HLB (hydrophilic-lipophilic balance) values higher than 15.0 (Tween ® 20 (16.5) and Tween ® 80 (15.5)) were used, the amount of encapsulated thyme oil was low (around 30-40%). On the other hand, a significant increase of encapsulated oil was found when Tergitol™ 15-S-9, a surfactant with HLB value of 13.3, was used (around 65%). The larger is the hydrophobic chain of surfactant the lower is the surface tension at the o/w interface, becoming easier to form the emulsion. Nevertheless, thyme oil presents both polar and apolar compounds. From Fig. 6 we can also notice that the apolar compounds of thyme oil were preferentially encapsulated in detriment of the polar ones no matter the studied surfactant. With Tergitol™ 15-S-9, an encapsulation of 80% was achieved for the apolar compounds, while for the polar ones only 54% was achieved. Since apolar compounds of thyme oil are preferentially encapsulated it means that the polar ones are not effectively protected within the capsule, thus remaining in the surrounding phase. This result shows that total encapsulation efficiency of thyme oil de-pends on polar and apolar components individual contribution [56] .
Encapsulation materials
The most commonly used shell materials in coacervation are polysaccharides and sugars (gums, starches, celluloses, ciclodextrines); proteins (gelatine, casein, soy proteins); lipids (waxes, paraffin, oils); and synthetic polymers (acrylic polymers, poly(vinylpyrrolidone)). In a less extent, inorganic materials such as silicates, clays and polyphosphates can also be used. Table 2 shows a survey of illustrative examples of shell materials used in coacervation microencapsulation processes. Despite of several systems proposed, biodegradable polymers have emerged as potential candidates for the development of carriers for targeting compounds to specific sites in the body. During the last years, numerous processes for drug encapsulation have been developed using aliphatic polyesters, such us poly(lactic acid) (PLA) and copolymers of lactic and glycolic acids (e.g. PLGA) that are well known biodegradable polymers. The bio-degradability of these polymers can be tuned by incorporating in their main chain a variety of chemical groups such as ethers, anhydrides, carbonates, amides, ureas and urethanes [68] [69] [70] [71] . Biodegradable polymers, such as PLA and PLGA (poly(lactide-co-glycolide)), have proven, since a long time, their capacity for applications in the field of controlled delivery systems [72, 73] . The degradation behavior of biodegradable polymers is a very important property in the medical field especially in tissue engineering, and drug delivery. Their properties (such as degradation rate) are strongly defined by structural characteristics like the composition of the copolymer, molecular weight and nature of the chain end groups. Polylactide-coglycolide copolymers can be copolymerized to achieve various molecular architectures with a significant range of mechanical properties and degradation rates. Due to the methyl group presence, PLA is more hydrophobic than PLGA. Thus, PLA-based products degrade by hydrolysis much slower than PLGA-based counterparts. PLA microcapsules have received intensive attention as delivery systems for drug encapsulation since they do not cause adverse tis-sue reaction [74] . This type of biodegradable polymeric carriers can be hydrolyzed in the body to form products that are easily reabsorbed or eliminated [74] [75] . The adjustable physicochemical proprieties of PLA, such as swelling and biodegradation kinetics, or molecular interaction with potential embedded drugs, offer various possibilities towards the design of controlled release systems [76] [77] [78] [79] . These properties of biodegradable polymers are strongly defined by structural features such as copolymer composition, molecular weight and nature of the chain end-groups. For example, the non-esterified carboxyl end groups increase the hydrophilicity of polymer promoting a faster and higher polymer swelling; consequently, a faster biodegradation in aqueous environment [76] .
The use of oils in the perfumery, cosmetics, and agriculture or food industries is quite common due to their aromatic properties. In addition, some essential oils have biological activities that can be used in the preparation of pharmaceutical products and functional foods [80] . Properties of essential oils can change depending on their origin and composition. Some oils have medicinal properties such as antioxidant activity, acting in fighting free radicals, anti-inflammatory activity and antimicrobial activity. Table 3 lists a set of essential oils that were subjected to microencapsulation. Coacervation is widely used to encapsulate essential oils and typical examples of the used oils are given in Table 4 .
Microencapsulation and controlled release
Microcapsules morphology and release mechanisms
Encapsulation systems can be classified according to four main morphologies: reservoir, double shell, matrix and polynucleated structures (Fig. 7) . The main purpose of encapsulation is to entrap a core material into a protective matrix/shell that will confer unique properties in terms of controlled release, solubility or moisture resistance of microcapsules. The protection of essential oils, perfumes, deodorants, moisturizes and other active agents in polymer carriers with the purpose of controlled release over a certain period of time has been a question of considerable research in recent years [2, 86, [106] [107] [108] [109] [110] [111] . Controlled release technologies are used to deliver compounds such as drugs, pesticides, fragrances or flavors at prescribed rates, together with improved efficacy, safety and convenience [112] . Fig. 8 shows the schematic representation of the essential oil release through the polymeric microcapsule shell. Nowadays, core-shell microcapsules are highly used in con-trolled release systems, especially in drug delivery, where the polymeric shell works as a permeable element with a selectivity that can determine the release behavior of the core material [113] . Delivery systems for drugs and other active ingredients and size-reduction technologies, such as microencapsulation, are at the frontier of advances in modern biotechnology. Focusing the developments in trans-dermal delivery systems microencapsulation introduces a new way for replacing current high-risk intravenous applications and drastically reduce undesirable side effects of drugs and active ingredients [114] . The particular properties of the polymeric network, such as, chain length, flexibility and mobility, water-uptake and swelling behavior, plasticization extent, or potential interactions between polymer and active agent will affect the diffusion rate across the polymeric matrix, and therefore, the oil release [68] . According to Del Valle et al. [70] diffusion of active agents occurs when a drug or oils passes through the polymer that forms the controlled release device. Nevertheless, the release of the active agent from delivery systems can be classified based on other mechanisms, such as, erosion (the product gradually dissolves in membrane shell), diffusion (the oil diffuses out of delivery system), extraction (mechanical forces during chewing or processing enlarge area of oil) and burst (a reservoir system ruptures under influence of mechanical or osmotic forces) [115] . Several diffusion models have been proposed in the literature to describe the release of an active agent from microcapsules [86, [116] [117] [118] [119] [120] [121] [122] [123] . Table 5 presents a summary of the model release related to the diffusion of active agents through the polymeric membranes of microcapsules. A mathematical release model is based on equations that de-scribe the real phenomena, such as mass transport by diffusion, dissolution of active agent, and for example, the transition of a polymer from the glassy to the rubbery state [126] . Fig.  9 shows different types of classification for drug delivery systems. In reservoir system if the active agent concentration at the inner mem-brane surface continuously decreases with time and if the active agent permeability through the barrier remains constant, a first or-der release kinetics is obtained. If the initial active agent concentration exceeds the active agent solubility in reservoir device, it results a constant active agent con-centration (saturated solution) at the inner membrane surface, and still if the properties of the release rate controlling barrier (such as, thickness and permeability for the active agent) remain constant, a zero order release kinetic is obtained. On the other hand, in the case of matrix devices, the system geometry extensively affects the resulting active agent release kinetics. In that case, for each system is necessary to develop a specific mathematical equation [126] .
Diffusion characteristics of poly(lactic acid) microcapsules
Microcapsules morphology can be analyzed by microscopy. This technique is a powerful tool to study microcapsules structure and formation. For example, Fig.  10 shows optical and cryogenic scanning electron microscopy images of PLA microcapsules with thyme oil reported by Martins et al. [37, 56, 96] . Images obtained through optical microscopy demonstrate that droplets of thyme oil have been individually encapsulated as spherical particles with-out noticeable agglomeration. On the other hand the Cryogenic Scanning Electron Microscopy (Cryo-SEM) image confirmed the rough surface of PLA microcapsules with some visible pinholes, cracks and pores (see, Fig. 10(b) ) [37] . Furthermore, the PLA mem-brane covering the thyme oil is clearly exposed as depicted by the Laser Scanning Confocal Microscopy (LSCM) image (Fig. 11) . The thyme oil -core is not labeled (black) and the PLApolymer layer is labeled with Coumarin 6 (green). Through this figure it was possible to corroborate reservoir-type of PLA microcapsules produced according the method developed by Martins et al. where Coumarin 6 was added to the PLA solution [37] . The release rate of thyme oil, as described in the work of Mast-romatteo et al. [127] dealing with the study of active food packaging, is affected by film thickness and polymer concentration [127] . On the other hand, release tests performed by Passino et al. [119] have shown that the diffusion of Thymus oil through the gelatine microcapsules is affected not only by the characteristics of the polymeric membrane but also by the type of used oil. The differences found in the release behavior might be due to the different hydrophilic characteristics of the oil. In fact, the percentage of polar compounds of oil can favor the entrapment of aqueous phase into de microcapsules during the coacervation process and consequently slows down its diffusion [119] . Nevertheless, the release rate profiles of thymol from the PCL (poly(e-caprolactone)), PLA, and 50/50 hybrid nanofibrous samples, performed by Karami et al. [128] point out a bi-phasic release profiles. The Fickian diffusion was the dominant mechanism of thymol release from the polymeric matrices. The diffusion of thymol through the nanofibrous samples could be divided into two phases: thymol released before 12 h and then between 12 and 48 h, where the burst and rapid release of thymol was related to the adsorption and rapid diffusion of it from the surface of the nanofibrous samples. The release studies performed by Martins et al. [96, 129] con-tribute to develop a diffusion model for thyme oil compounds across the PLA shell. The release tests allowing determining the corresponding diffusion coefficients and thus describing the re-lease behavior with time. The developed model can be applied to other single-layer microcapsule systems. In this work the calculated and experimental diffusion profiles of oil components across the polymeric membrane were compared. Fig. 12 shows the re-lease kinetics for thymol during the first hour and a 5 days period. It is observed through Fig. 12 that the diffusion coefficient is 1.39x10 -15 m 2 /s for thymol, the polar component, in first hour. Furthermore, for the apolar component, p-cymene, the diffusion coefficient for the first hour of release is lower than that obtained for thymol. This behavior is in accordance with the previously observed by Wischke and Schwendeman, where the release differences were attributed to the distinct hydrophobic characteristics of the two compounds [68, 96] .
Conclusions
In this work a literature survey regarding microencapsulation for cosmetic applications was presented, focusing the microencapsulation of essential oils by coacervation with biodegradable polymeric materials. Microencapsulation by coacervation of thyme oil with PLA is presented as an example. Summarizing, microencapsulation efficiency depends on several variables, namely the chemical nature of the core, properties of the shell/matrix material, the hydrophobic character of the used surfactants, as well as of the chosen microencapsulation technique. In fact, the generated microcapsules in what concerns size, shape and stability, is affected by the used coacervation process conditions, being particularly relevant the chosen surfactant. In the case of the focused process (encapsulation of thyme oil with PLA) it was verified a higher encapsulation efficiency for apolar compounds of thyme oil. The best encapsulation results were achieved with Tergitol™ 15-S-9 (HLB of 13.3): 80% for the apolar compounds and 54% for the apolar ones. In what concerns the release profile of thymol (major polar compound of thyme oil) from the PLA microcapsules it can be explained by a diffusion mechanism, in accordance with the developed model and was found to be in good agreement with the experimental measurements. Table 1 Patent processes for microencapsulation by coacervation. Table 2 Examples of shell materials used in coacervation systems. Adapted from Boh and Sumiga [57] . Table 3 Representative list of encapsulated essential oils. Table 4 Survey of essential oils encapsulated by coacervation and their major applications. Adapted from Magdassi et al. [40] . Table 5 Representative list of release models of active agents through the polymeric membranes of microcapsules.
